
Six-dimensional vision system

J. Aebur,E. K.nt. M. Nashmm. P. Manrbrch, L Palombo
N.tionrlBuroau of Sundrrdr, Washington, D.C. 20234

M. Shrwirr
Computer Scionca antor, Uniwrsity of Meryland

C d k g O hhmrykrd 20742

Abstract

There are s i x degree8 of frocdom that def ine the position and or ientat ion of any object:
r e l a t i v e to a robot gripper. A l l s i x need to be detormined for the robot t o grasp the object
i n a uniquely spec i f i ed manner. A robot v i s i o n system under development a t t he Na t iona l
Bureau of Standards i s designed t o 8eabure 811 6 i x o f these degrees o f freedom using two
frames of video data taken sequentially from the same camera peaition. The system employs
structured l igh t techniques; i n the f i r s t frame, the sceno i s i l luminated by two p a r a l l e l
planes of l igh t , and i n the second frame by a p i n t source o f light.

Introduction

The goal o f tho presont research i s t o design a simple r t ructured l i g h t robot v i s i o n
system suitable for visual servoing i n r o a l time. This impl ioo the capabi l i ty t o completely
specify the position and orientation of a 8urface r e l a t i v e t o a robot end-effoctor i n r e a l
timo. The de f in i t i on o f the posit ion and or ion ta t ion i n space of an object r e l a t i v e t o a
robot grippor ha8 8 i x degreos of freodom. A l l s i x need to bo determined t o enable the robot
t o grasp t h e ob jec t i n a uniquoly spec i f i ed manner. The system presented here has t h i s
capacity wi th planar surfaces, but the principlo i 6 extensible to curved surfaces as well.
The present system i s designed for servoing but may be extended i n the fu tu re to per fo rm
object or surfaco recognition. Cor these functions, prior knowledge i n tho form of models
and addit ional vision procesuing will be needed.

The use o f structured l i g h t to e x t r a c t threo -dimonsion81 shape informat ion i s a w e l l -
known technique. The use of single planes of 1 t t o measure the distance and or ient t 0

and m u l t i p l e points of l i g h t %e5 t o measure shapes and construct vo lumet r i c es t ima tes o f
objects has also been widely reported.

. I n our system, both the st tuc tured l i g h t projector and the camera are mounted on t h e
robot ha rd i n t h e cor f ig l i rn t ion shown i n F i g c r e I. Tw- frames c f v idec da ta a r e use& '?he
f i r s t f rame i s taken whi le i l luminating the scone with two p a r a l l e l planes of l i g h t provided
b y t w o s l i t p r o j e c t o r s . f n t h e second frame, the same scene i s i l l um ina tedbyapo in t sou rce
flood l i g h t located between the s l i t projectors.

of objects has been reported a era1 timos. 1*1 3The use o f mult iple planes of l ight 3,i6,B

The f i r s t image, which i s produced by the p a i r o f p lanes o f l i gh t ; makes it possible t o
compute t h e range, and t h e p i t ch and yaw or ienta t ions, o f any simple geomet r ica l surface.

,The second image, produced by the point l i g h t source, can then be analyzed t o obtain the
e leva t i on , az imuth, and the r o l l o r i en ta t i on o f the I l l u m i n a t e d surface. The combined
information then uniquely determines the s i x degrees of freedom of the surface r e l a t i v e to
the vis ion system. When performed on binary run-length encoded images, th is analysis can by
performed quickly enough to be used for s i x - ax is v i s u a l servoing.

Analysis of the Plane of Light Imaqes

The basic geometr ical relationships are i l l u s t r a t e d i n Figure 1. The v is ion coordinate
system i s so def ined tha t the op t i ca l center o f the camera lens i s located on the z-axis a t
(O,O,z 1, and the v i s u a l a x i s of t h e camera l i e s i n t h e y- z p lane. Near t h e o r i g i n , a pa i r
o f s l r t projectors i s located i n such a manner t ha t the plane of l i g h t from the lower s l i t
i s coincident wi th the x-y plane. The e n t i r e v is ion system i s mounted on the robot hand i n
such a manner tha t the vis ion y-axis i s p a r a l l e l to the ro l l a x i s of the robot hand, and the
v i s i o n x - a x i s i s p a r a l l e l t o a l i n e through the t w o robot f i n g e r t i p s . The upper p l a n e o f
l i g h t i s p a r a l l e l t o t h e lower w i t h a d i s t a n c e between themo f zt .

I n F igu re 1, a plane surface of a r b i t r a r y shape i s shown i l l um ina ted by the two planes
o f l i g h t . The lower s l i t p ro jec tor produces a l i g h t s t r i p e a c r o s s the s u r f a c e from b l
through b m t o br. The upper s l i t projector produces a l i g h t s t r i p e across the surface from
tl through t m t o t r . The po in ts b m and t m l i e i n t h e y- z plane. F i g u r e 2 i s a v i e w o f t h e
sur face as seen by the camera.
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The y coo rd ina te o f any p i x e l on tho l i n o b1:bm:br can bo found d i r e c t l y from T a b l e 1 by
formula (11,

The contents of Tablo 1 aro gonoratod by fo r8u lao (A l ) - (A6 ) i n tho Appendix -

The 1; ooord inat rs o f a11 point8 on tho b1:bm:br l i n e equal toro. bocause the bottom l i g h t

The x and y c o o r d i n a t o a o f r a y p o i n t on t h o l i n o t1:tm:tr oan bo found by l s i m i l a r

The z coord ina te o f any p o i n t on tho l i n e tL: tm:tr .quala at booause tbe top Pl8nO Of l i gh t
l i e s i n the t=t tplane.

s t r i p 0 110s e n t i r 0 l Y i n tho p1.n..

psocedu ro f r o m T a b l e 2. T h i B t a b l e i 8 o o n r t r u o t e d by f o r m u l o o (A7) - (A12) i n t h e Appendix.

The tangent Of tho 8Il610 o by Whi8h tho plane o f t h o surfaco 1s r o t a t e d with respec t t o
t h e x - a x i s can nou be found f r o m

'br - 'blL M 0 .I ar - Xbl
where xbr an d

gf.and x b l aro t h o x- ooordinator and ybr aad yb1 aro tho 7- ooordinator o f the p o i n t s

T h e P o i n t s b 8 and t m o f ? i gu ros 1 and 2 a r o d o f i n o d by tho i n t o r s o o t i o n of t h e images o f
t h e b o t t o m and t o p l i g h t s t r i p o r w i th t h o o o a t r a l V O r t i Q r l O O l U 8 n o f p i x e l s i n t h e aamera
fPame. Thus, the x - c o o r d i n a t o 8 ~ fboth b8 and t 8 aro zoro. Tho y- ooordinate o f bm and t m C.83
be found f r o a fab los 1 8nd 2.

The tangent o f t h e angle 4 by uhioh the plan. of tho SUrf8Ce i s r o t a t e d wi th r e s p e c t t o
t h e z - a x i s can n o u b e found f r o m

The e q u a t i o n o f t h e p l a n e o f tho sur face may now be d e t o r m i n e d , and i s g i v e n by

The f i r s t camera image, ob ta ined with the two planos o f l igh t as s t ruc tu rod i l l u m i n a t i o n ,
t h u s p r o v i d e s i n f o r m a t i o n as t o t h r o o o f t h e r i x d o g r e o s o f f r e o d o m o f t h e p l a n e o f a
s u r r a c e with r e s p e c t t o the 0 8 m O r 8 .

I n o r d e r t o d e t e r m i n e t h o remain ing t h r e e degroes o f freedom, a second f rame i s obta ined
u s i n g a p o i n t i l l u m i n a t i o n source l o c a t e d a t o r n o a r t b o o r i g i n . The p o i n t s o u r c e
i l l u m i n a t i o n produces an image o f t h e o n t i r e sur face which i s th resho lded and an8lyzed by
s t a n d a r d t e c h n i q u e s o f connoctod rog lon analysis. This r o v e a l s f e a t u r e p o i n t s such as edges,
c o r n e r s , ho l es , and t h e o e n t r o i d and p r i n c i p a l a x i r o f t h e image (8) t h e a o o r d i n a t e v a l u e s
o f a n y p o i n t i n t h i s s e c o n d l a a g e can b e computed b y e m p l o y i n g a t h i r d c a l i b r a t i o n
P r a c e d u r e , w h i c h a l l o w s us t o w r i t e the e q u a t i o n o f t h e r a y d e f i n e d by any p i x e l .
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Any p o i n t on t h e r a y d e f i n e d a p i x e l a t r o v j p and Column i has l z-coordinate which
can b e CO8pUted f r o m f o r ~ u l a(gyand T a b l e 3. The x - c o o r d i n a t e Jhich Can be computed f r o m
formula (7). See Irisure 5.

DrocedureB f o r obtaining t 8 b l e 3 are out l ined i n the Appendix.

I q u a t i o n r (5). (6), ands(7) oan aow be s o l v e d t o oompute t h e x Df r t coord inates o f any
po ia t O n the 8Urf80e O f the objeot.

Obtaining R o l a Or i en ta t i on

Any t w o p o i n t s on t h e s u r f a a e oan be 8rle8t.d t o d e f i n e t h e r o l l O ? i e n t a t i O n O f t h e
o b j e c t . F o r example, t w o p o i n t s a long an edge, o r p o i n t s i d e n t i f y i n g t v o f e a t u r e s Buch as
h o l e s might be ohoaea. The r l o p e of the l i n e o o n n e o t i n g t h e 8 8 t w o f e a t u r e po in t8 i n t h e
plane o f the ob jec t surfaoe def ines the r o l l o r i e a t 8 t l o n o f the objeot. Fo r approaching and
grasping t h e o b j e o t t h e r e t y p i o a l l y will e x i s t 808. des i red r o l l o r i en ta t i on o f t h i s l ine.
The a n g l e between t h e d e s i r e d l i n e and t h e oeasured l i n e i s then t h e r o l l anule wb ioh i s
r e q u i r e d t o br ing t h e 8easured l i n e i n t o alignment with the des i red l i ne . a 8nd 4 oomputed
i n formulae (3) and (51, oorrespond t o yaw and p i t ah respec t i ve l y .

A l t e r n a t i v e l y , t h e x#f9a, o o o r d i n a t e s o f any t h r e e p o i n t s cor respond ing t o t h r e e
reoogaixable non - oolinear features 0s the o b j e c t can be 8OapUted, 8116 then usad t o UniquelY
determine t h e s i x degree8 o f freedom of t h e ob jeo t r e l 8 t i v e t o the ooordinate r t r t e m of the
r o b o t h8&d i n Whioh the oamera i 8 f ixed.

D e a l i n g ath S o l i d Object3

A problem o f t e n encountered i n dea l i ng w i th three - dimension81 objec ts i s t h a t more than
one s u r f a c e may be r i s i b l e t o t h e camera. Ift h e l i n e s produced by t h e t w o p l8nes o f l i g h t
touoh more than one r u r f a o e , t h i s will be a p p a r e n t as a o r n e r r i n t h e l i n e s ( w h e r e
d i f f e r e n t l y o r i e n t e d s u r f a o e s m e e t ) o r a s b r e a k s i n t h e l i n e s ( a t s u r f a c e d e p t h
d i s c o n t i n u i t i e s ) : t h e l i n e r e s m e n t a be tween these even ts a r e s i m p l y tre8t.d as d e f i n i n g
d i f f e r e n t Burfaces.

I n some oases, t h e l i n e s produced by t h e t w o p l a n e r o f l i g h t may l i e e n t i r e l y on one face
o f t h e o b j e c t ( e v i d e n c e d by t h e f a c t t h a t t h e y a r e s t r a i g h t and p a r a l l e l ) and y e t a11 t h e
c o r n e r s v i s i b l e i n t h e f l o o d l i t i m a g e may n o t l i e on t h e same s u r f a c e 8s t h e l i n e s . T h i s
cou ld l e a d t o e r r o r s i n computing the p o s i t i o n s o f edges and corners.

I n t h e case o f convex r e c t i l i n e 8 r o b j e c t s , t h i s d i f f i c u l t y oan o f t e n be o v e r c o m e by a
s imp le s e t of ru les . F o r example, if t h e two l i n e s p r o v i d e the equa t i on o f t h e au r f ace t h a t
r e f l e c t s them, and t h i s equat ion i n d i o 8 t e s t h e sur face s lopes away t o the l e f t and away a t

s u r f a c e as the l i n e s . Thus t h e l e f t and b o t t o m edges oan be used t o c a l c u l a t e t h e p o s i t i o n
and r o l l o r i e n t a t i o n o f t h e r u r f a c e . The t o p and r i g h t edges a r e n o t n e c e s s a r i l y on t h e
computed sur face and should no t be uaed f o r f u r t he r computations. U i t h more complex ob jec ts ,
m o r e c o m p l e x r u l e s and E p r i p e knov ledgr a b o u t t h e o b j e c t i s r e q u i r e d t o r e s o l v e
a m b i g u i t i e s .

the bottom, then points on t h e l e f t and b O t t O J edges O f t he f l o o d image Will be on t h e same

Ex D e r 1menta1 08 t a
P h O t O g r 8 R h s 1 th rough 4 i l l u s t r a t e t h e o p e r a t i o n o f t h e s y s t e m , and show some O f t h e

prob lems encountered wi th an o b j e c t o f comp lex shape. The o b j e c t , shown i n no rma l V i e w i n
P h o t o g r a p h 1, i s a p i c t u r e o f a s h i n y m e t a l o b j e c t c o n s i s t i n g o f a f l a t r e c t a n g u l a r P l a t e

. . w i t h a r e c t r n g u l a r b l o c k s t a n d i n g i n t h e l o w e r l e f t 8nd a c y l i n d e r s t8nd in g i n t h e Upper
r i g h t c o r n e r . The v i e w p o i n t o f t h e c 8 m e r 8 , which i s di8graPlmed i n F i g u r e 3, makes t h e
o b j e c t a p p e a r t o b e u p s i d e down. T h i s i s due t o t h e f a c t t h a t t h e C8mera i s o v e r h e a d
l o o k i n g down and back on t h e o b j e c t , and t h e l i g h t source i s l o c a t e d u n d e r n e a t h t h e camera -
There a r e t o o l marks on the su r f ace r e a u l t i n g f r o m t h e machining process tha t produced t h e
o b j e c t . These r e f l e c t t h e l i g h t i n c o m p l e x ways. P h o t o g r r p h 2 i s t h e t k r e s h o l d e d b i n a r y
image o b t 8 i n e d f r o m t h e p81r o f p l a n e s o f l i g h t , and P h o t o g r r p h 3 f r o o t h e f l o o d l i g h t .
Pho tog raph L! shows a s u p e r i m p o s i t i o n o f t h e tug images f r o m Pho tog raphs 2 and 3.
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One notab le f e a t u r e o f these images i s the f a c t tha t despite the shiny surface w i t h
machining marks, the images are e a s i l y processed. The l i n e images have a f e w extraneous
points due t o h igh l igh ts from scratches, but these a r e e a s i l y removed. The break i n t h e
bottom l i n e i l l u s t r a t e s t h e e f f e c t o f a s tep i n the surface. The s t ra igh tness of a l l t h e
l i n e images indicates that they l i e on f l a t surfaces. The termination of the r i g h t end o f
t h e upper l i n e i s cauaed by i t a occlusion by the cyl inder. The terminat ion of both l i n d s
before reaching the l e f t edge of the image i s a resu l t of t h e i r rapid far? -off i n in tens i t y
due t o the high ref lectance of the shiny surface.

It i s c lear t h a t these images a re s u f f i c i e n t l y ambiguous tha t the Share of t h e objects
cannot be determined without fur ther information. Rowever, t h i s system i s intended f o r
determining orientat ion vhere shape i s known, as i n a machine shop, where 2 riori knowledge

database, or from sample parts. The next step i n the development of t h i a Vision system will
be the use of models t o remove the ambiguities i n the observed image data. I n th i s example,
the p a i r of l i n e s a t the l e f t i n d i c a t e one surface orientation; t h e p a i r a t t h e r i g h t
ind ica te another. The rode1 can be t r i e d f i r s t with one of these orientations and then the
other. If the positions of the top and bottom edges of the model are successfully f i t t e d t o
those o f t h e f l o o d l i t image, t h e ambiguity i s resolved. Only a 8 m a l l number of ways of
f i t t i n g are possible.

will be a v a i l a b l e i n the fora of node18 of the objects from a computer -a%td- design

Once the robot has moved t o 8 posit ion such tha t the y-axis o f t h e v is ion coordinate
system i s no rma l t o the object surface and near the centroid of the surface, then t h e top
edge will cast a shadow i n the point source image. Both sides of t h e object sur face will
alsobediscernable f r o m t h c t w o l i n e i m a g e a s w r l l a s frolathe pointsourceiaaga.Thu8, if
t h e v i s i o n aystem i s continuously recomputing 6-0 information as it approaches a t a r g e t
object, the robot hand will servo t o the correct gr ip pos i t ion regardless o f t h e o r i g i n a l
posit ion and orientation of the object r e l a t i v e to the camera.

A n 8 l y t i s has so f a r been done on ly wi th reatangu lar objects. Xonever, it appears th8t if
t h e shapes o f t h e h r g e t o b j e a t 8 a r e known t o t h e r o b o t , it will b o p o s s i b l e t o e x t e n d
t h i s ana lys is t o t h e o t h e r geomet r i ca l sh8pes, p a r t i c u i a r l p where t h e expected sh8pe of the
i n t 8 r S e C t i O n o f t he planes o f l igh t with the 8u r i aoe i s e a s i l y oooput8ble (e.&, c y l i n d r i c a l
s u r f a c e s ) . The i n t e g r a t l o n o f t h i s 6- D v i s i o n sys tem wi th i n t e r n a l model6 o f o b j e c t s i s l
r e s e a r c h t o p i c which i o being r a t i v e l y pursued.

Appendix

The firrt column o f Tahle 1 c8n 5e calculated from fomcl8e (dl) througk (A31 wh i ch c8.n
be derived by Inspection o f Figure 4.

The computation o f the value o f x I s accomplished

x - ib+$)
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jt - p i x e l r o w l a Image o f top l l a e

I, - pixe l column i n lmrga o f tap l i n e
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Formulae (A131 through (A151 can be wr i t ten by Inspection f r o m Figure 5.

(A131 Y
tan yp --

Prom (A141 and ( A l S ) we obtain

which I s formula (7) I n the text .
Prom (A131 we obtain

which i s formula (6) l a the tht.

I n formulae (A131 through (Ut)

.

r

ip - p ixe l column I n point source flood Image

jp - p i x e l r o w In point 80urce flood Image
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8.r'-
f'5, 'e 'b

-122 5.3 .0702

-121 I.4 -0105

-120 s.5 .Om1

- 0 21.3 -1169

.

c

-122 4.7 .e632f
-121 4 a 8 -0634

-120 1.9 -0636

0 19.2 -105

.
+122 100.1 .348 +I22 90.41 e313

Table 1. Used t o compute x and y coordinates Table 2. Used t o compute x and p coordinates
o f points i n Image o f bottom l ine. o f golot8 i n image of top line.

-122 3.84 e0135

-121 3.71 -0131

-120 3.66 .0129

0 .939 -00549

+122 .200 .00346

Table 3. Used t o compvtc c o e f f i c i e n t s I n equat ion
( 6 ) and ( 7 ) f o r p o i n t SOIJIY'W f lood Image.

SPlE Vol. 336Robot Vision11982) / 149



Photograph 1. A shiny metal object which Photograph 2. Image produced by the t w o Planes
i s t y p i c a l o f parts I n a =chine environ - of l ight . The break i n the lower l i n e I s Caused
merit. The image appears t o be upside do= by t h e depth discontinuity of the raised SQuPre
due t o the overhead posit ion of the cawra I n the lower l e f t Of the object.
and the fact tha t the l i gh t sources are
located beneath the camera. The posi t ion
of the camera and l ights r e l a t i v e t o the
object i s i l lust rated i n Figure 3.

.

Photograph 3. Thresholded image produced Photograph 4 - Superimposition Of image 2
b y the po in t source f l ood l i g h t . and image 3.
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f

Plgur i 1. Relotlonsbips bs&eam the emera., the structured light 80urces~ *ad 8 viewed
planar object i n a cwardlnrte system fixed i n the haad o f the robot.

l
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? l w o 1. V1.r 02 the object 8s soen by the C . W ~lllumin8ted
by the pa i r o f planes of l ight.

l i g u r e 3. Viewing position o f camera and l ight 8OUICC6
for photograpbs 2-5.
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Figure 4. Relationships of cueera pixels re la t i ve t o llluarin8ted points In the
’ bottom pl rae o f light.

Figure 5. Relationships o f camera pixel8 r e l a t i v e t o r rb i t ra ry points on an
object i l luminated by the point source f lood l igh t .
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